Mechanical force is one of the most important parameters in cellular physiological behavior. To quantify the cellular force locally and more precisely, soft material probes, such as bulk polymeric surfaces or raised individual polymeric structures, have been developed which are deformable by the cell. The extent of deformation and the elastic properties of the probes allow for calculation of the mechanical forces exerted by the cell. Bulk polymeric surfaces have the disadvantage of requiring computational intensive calculations due to the continuous distortion of a large area, and investigators have attempted to address this problem by using raised polymeric structures to simplify the derivation of cellular mechanical force. These studies, however, have ignored the possibility of formation of local adhesions of the cell to the underlying base substrate, which could result in inaccurate cellular force measurements. Clearly, there is a need to develop polymeric structures that can efficiently isolate the cells from the underlying base substrate, in order to eliminate the continuous distortion problem. In this paper, we demonstrate the measurement of cellular force in isolated cardiac myocytes using single-spaced polymeric microstructures. Each structure is 2 µm in diameter and single-spaced packed. This geometry of the structures successfully isolates the cells from the underlying substrate. Displacement of the structures was measured in areas underneath the attached cell and at areas in close proximity to the cell. The results show that the individual structures underneath the cell were significantly displaced whereas no substantial strain in the underlying base substrate was detected. The mechanical force of the cell was derived from the displacements of individual structures upon multiplication with the locally determined spring constant. The force distribution reveals a parallel alignment as well as a periodic motion of the contractile units of the myocyte. The flexible fabrication methodology of the polymeric substrate and straightforward determination of minute forces provide a useful way to study cellular mechanical force.
Introduction
The microscopic mechanical interactions of living cells with their neighboring extracellular matrix are of fundamental importance to various physiological processes such as division, growth, migration and macroscopic force generation. The mechanical force generated at the subcellular level is typically on the order of pN to µN [1] and cannot be probed using conventional force transducers. In the last two decades, soft material probes, such as polydimethylsiloxane (PDMS) and polyacrylamide, have been applied in the investigation of cellular mechanics due to their mechanical compliance and biocompatibility. Forces of small magnitudes result in distortion of the soft materials [2] [3] [4] [5] [6] . The distortion occurs when the cell attaches to the material and may be in the form of out-of-plane wrinkles [2] , displacements of embedded beads [3, 4] or displacements of microfabricated markers/structures [5, 6] .
Despite the advances made by these soft material probes, problems remain. When planar geometries of soft materials are used, the distortion is quantified from the wrinkles or microbeads that are part of, or embedded in a continuous plain soft material substrate. These methodologies require intensive computation and expertise [7, 8] to compensate for the continuous distortion of a large area. The use of more complex structural elements effectively lessens the continuous distortion problem [5, 6] . However, the geometry of the structures did not completely resolve the cell surface-base substrate contact, which in effect neutralizes any compensation for the continuous distortion problem.
In this paper, we sought to design and manufacture a single-spaced PDMS structure array that could overcome the continuous distortion problem. Each structure is 2 µm in diameter and single-spaced packed. A qualitative numerical analysis revealed that the single-spaced geometry allowed for a better isolation of the cells from the base polymeric substrate, when compared to distantly-spaced structures. This geometry ensures that the displacement of each individual structure is independent and not influenced by displacement of neighboring structures or by distortion of the base substrate, thereby negating the need for distortion compensation. A proof-of-principle experiment was performed to measure the cellular mechanical forces in cardiac myocytes using the proposed polymeric structures.
Measuring principle and structure design

Measuring principle
In this work, cellular mechanical force was measured using cantilever-like structures fabricated on the polymeric substrate. Cantilever is the most common sensor for force measurements. Force is not measured directly but derived from the cantilever deformation. Because the cell-cantilever interaction influences the cantilever deformation in accordance with the Hooke law, to determine the force one should know the cantilever deformation stiffness in various directions. Given that the cellular mechanical force is not predictable, cantilever with a round cross section is preferable as it offers uniform deformation stiffness in every lateral direction. The lateral force exerted on the tip of the cantilever can hence be achieved from the induced displacement in the same direction, dominated by the equation [9] :
where F lateral , E, I, x and y are the lateral force, Young's modulus, the moment of inertia, the lateral displacement and the vertical displacement, respectively. The relationship between the force F lateral and the lateral displacement x can be derived by solving the differential equation.
It should be noted that the cells exert mechanical force laterally as well as vertically. The vertical component may compress or elongate the cantilevers. In addition, the weight of the cells and the perfusion of culture media may also deform the cantilevers in various directions. For the sake of simplicity, we assumed that these factors play a minor role, and did not take them into account in the current work.
Single-spaced structures
Equation (1) involves an intrinsic assumption that the base polymeric substrate on which the cantilever-like structure is fixed is in essence a rigid body undeformable by the subject force, i.e., the base polymeric substrate should not experience substantial distortion during force measurements. This assumption is valid, as long as the cell or parts of the cell do not come in contact with the base substrate. Unfortunately, this is not necessarily the case as cells plated on the structures may recess into the spaces between the structures due to gravity. This is especially true when using distantly-spaced structures, where the recessed areas of the cell have a high chance to reach the base substrate and form surface adhesions, which may consequently deform the base substrate. Surface adhesions are less likely to occur when using closely-spaced structures. This was demonstrated by a computational model (figure 1). The myocyte was modeled as a viscoelastic monolayer with uniform properties, and the discrete nature of the cytoskeletal network was not depicted, based on the observation that the relevant length scale presented in the structures is considerably larger than the filament mesh size (∼50-100 nm) [10] . Contact of the cellular monolayer with the base polymeric substrate was depicted as an area of adhesion and the deformation of the substrate was achieved by applying an isometric contraction to the monolayer. As can be seen in figures 1(a) and (d), the single-spaced structure array does not induce an obvious deformation in the base substrate when compared to the distantly-spaced structure array. The model also indicates that short structures may cause adhesion between the cells and the base substrate (figures 1(c), (f )) even if the microstructures are single-spaced packed. The undesired adhesion distorts the base substrate, moves or bends individual structures, and may even create out-of-plane wrinkles. We would like to emphasize that this computational model is to qualitatively demonstrate possible surface adhesions and may not predict areas of actual adhesion, let alone the magnitude of the induced displacement of the base substrate.
Based on the modeling work, we arranged polymeric cantilever-like structures in a single-spaced geometry to minimize possible adhesion. Each structure is cylindrical profile, with a diameter of 2 µm. The single-spaced structures Figure 1 . FEM simulation demonstrates qualitatively the influences of different structure designs on the isolation between the subject cell and the base substrate. The cell was modeled as a viscoelastic monolayer (presented by the dashed square at the center) with uniform mechanical properties. The displacements of the structures were studied by applying an isometric contraction to the monolayer. virtually make up an elastic carpet, with 2 µm gaps between neighboring structures. In this instance, the cells lie on top of the structures with a ∼16 µm 2 area under constraint at four corners, which makes it unlikely for the cell to spread down along the sidewalls and reach the base substrate. The singlespaced array also increases the surface area at the top structures for adhesion of the myocyte (figure 2). Moreover, it presents an enhanced spatial resolution for force measurements.
Experiments
Fabrication of polymeric substrate
PDMS (polydimethylsiloxane) is a silicone elastomer that can be thermally cured by an organometallic crosslinking reaction. It has been widely utilized in multidisciplinary application such as microfluidic systems [11] due to its high permeability, low chemical reactivity and its non-toxic nature [12] . Moreover, PDMS is very flexible, with a shear modulus between 100 kPa and 3 MPa [13] , and highly compressible. These properties ensure an observable deformation of a PDMS structure when being subject to minute mechanical forces. Since PDMS is not photodefinable, it is practically brought to shape through soft lithography techniques [14] which can replicate small features from a rigid template with a resolution down to 100 nm [15] . According to the analysis in the above section, we fabricated single-spaced PDMS structures on the base polymeric substrate. Each structure is designed with 2 µm in diameter and the height can be adjusted by the fabrication process briefly described below.
A silicon template was made out of a 4 inch wafer (1 0 0) that had been spin-coated with a thin layer of positive photoresist. The wafer was soft-baked and then exposed to UV-light to define the desired pattern. The patterned photoresist served as a mask for etching single-spaced holes into the underlying silicon substrate. The silicon surface exposed in the areas where the resist was removed was etched away by deep reactive ion etching (DRIE). Subsequently, a micromolding process was conducted to transfer features to polymeric substrates. Briefly speaking, the template was put in contact with PDMS prepolymer (with precursor to curing agent ratio 10:1) that experiences a certain level of thermal curing (for a period from 1 to 15 min at 65
• C). After the application of vacuum, the template was removed. The single-spaced PDMS cantilever-like structures were formed on the base polymeric substrate, with various aspect ratios corresponding to different thermal curing durations (figure 3). The fabrication detail is elaborated elsewhere [16] . 
Isolation between cells and base polymeric substrate
To determine whether the fabricated structures array can isolate the displacements of individual structures from the continuous distortion of the base substrate, we used cardiac myocytes to evaluate the elimination of adhesion with the base substrate. Cardiac myocytes can generate strong mechanical forces toward the substrate (on the order of µN [17, 18] ). As such, even with little adhesion between the myocytes and the base substrate, the distortion induced onto the substrate may be considerable when compared to other cell types, and thus more easily detected.
Cardiac myocytes were isolated from Wistar rats as previously described [19] , and plated on a laminin-coated PDMS substrate with structures of aspect ratio 2:1. Myocytes were maintained in culture for 24 h to allow for adhesion, and subsequently transferred to a chamber perfused with 1.2 mM Ca 2+ Tyrode buffer solution, maintained at 37 • C. Myocytes were electrically stimulated (dc 20 V at 1 Hz) to induce myocyte contraction, and changes in cell length were monitored by video-edge detection using a commercially available system (IonOptix Inc.)
Representative measurements of myocyte contraction and structure displacement are shown in figure 4 . As expected, cell-edge detection of myocytes shows rhythmic contractions in synchrony with the applied voltage field (noted by arrows) ( figure 4(a) ). By lowering the focal plain to the top of the polymeric structures, we could measure regional forces in the myocytes by monitoring the local deflections of the underlying polymeric structures ( figure 4(b) ). Note that the periodic deflection of the structures is in synchrony with the contraction of the cell. Measurement of the top of the structures immediately adjacent to the cell (within 5 µm) shows no discernable displacement, suggesting that the base polymeric substrate does not experience substantial mechanical strain ( figure 4(c) ). These data suggest that the single-spaced PDMS structure was able to resolve the continuous deformation problem by preventing (or minimizing) the adhesion of the cell surface to the base substrate. These results also validate our assumption that the base substrate essentially serves as an undeformable, fixed constraint to the polymeric structures.
Determination of spring constant
The spring constant of individual polymeric structure needs to be measured in order to convert the displacements into cellular forces. We determined the spring constant from the measured Young's modulus (around 1000 kPa, achieved using nanoindentation) and the geometry of the subject structures using the computational method described below. Ideally, the structure is in cylindrical profile, i.e. the cross section is constant along the structure's height, as shown in figure 5(a) . In this instance, the differential equation describing the elastic curve can be solved using the boundary conditions x (H ) = 0 and x(H ) = 0 (the origin is set at the top) and the spring constant is derived as:
where D is the diameter and H is the height of the structure. The relationship between lateral displacement and tangential force is then described by
Upon inspection, however, the sidewall of the polymeric structure is not smooth, but rather has cyclic notches ( figure 5(b) ). The notches were due to the silicon template, which had been formed by alternating the etching gas (SF 6 ) and the passivation gas (C 4 F 8 ) during deep reactive ion etching [20] . Each notch can be described by an arbitrary notch length (p) and a lateral penetration (q). An enlarged root was also found on the PDMS structure. The root is believed to be formed from the elastic response of the PDMS polymer when the constraint of the master silicon template was suddenly removed [21] . We have observed that the enlarged root results in a linear change in the structure's diameter along its height. The diameters of the structure at both ends are designated by D r for root and D t for top. Taking into account both the notches and the enlarged root, the schematic profile of the structure is shown in 
Inserting (4) into (1), the differential equation of the elastic curve was derived. It is in a nonlinear form without an analytic solution, but a numerical solution can be derived for specific cases. A representative curve of spring constant upon diameter ratio (D r /D t ) and lateral penetration (q) is shown in figure 5(d) (E = 1000 kPa, H = 8 µm, D r = 2 µm, p = 2 µm). Note that the notches and the enlarged root have greatly desensitized the PDMS structure, e.g. the minimum detectable force increases from ∼0.92 nN to ∼2.41 nN in this case.
Force measurements
Cells were visualized on an inverted microscope and optical images of the cells with the underlying structures were captured using a CCD camera. A representative image is shown in figure 6(a) . When viewed by phase-contrast microscopy, the surface of the cell distorted the image of the structures, which gave the top of the structures a 'fuzzy' appearance. To extract the necessary information from each individual structure, the nonuniform background noise (figure 6(b)) was deducted from the original image (MATLAB software bundle, using morphological structuring element). The centroid of each discrete region was regarded as the location of corresponding structure ( figure 6(c) ), and the displacement distribution was derived ( figure 6(d) ) by comparison with a virtual reference array that is undeformed. This approach is based on the fact that the peak position of the area distribution of the top surfaces agrees with the ideal top area of single structure (πD 2 /4), suggesting that the discrete area can serve as a reasonable representative of the structures. Afterwards, the displacement map was transformed into a vector map of the mechanical force upon multiplication with the spring constant. The map is made up of discrete vectors, each 4 µm away from its neighboring peer. Given the assumption that the cellular mechanical force varies continuously, a force distribution was obtained via data fitting.
To enhance our understanding of the relationship between the force distribution and contractile performance of cardiac myocytes, the force vectors were resolved along the cellular 600 nN 5µm contraction axis (noted as x in figure 7(a) ) and the transverse axis (noted as y in figure 7(b) ). As shown, each component demonstrates a concentric profile along the axes of the cell, indicating an inward force applied by the cell to the substrate. The magnitude and distribution of the contraction force corresponds with previous reports [18, 22] . The relationship of mechanical force versus time is shown in figures 7(c) and (d). As expected, the vector component along the length of the sarcomeres (contraction axis) was greater than the vector component transverse to the sarcomeres (transverse axis). This conforms to the fact that the magnitude of the force exerted by the myocyte is dependent on the number and the alignment of the sarcomere (the contractile unit of the myocyte). The measurement also suggests the preferential alignment and rhythmical shortening of sarcomere from the observation of periodic variation of vector component along the contraction axis, and a less obvious periodicity in the vector component along the transverse axis.
Discussion
According to the measuring principle, the displacement of subject polymeric structures varies proportionally with the lateral force exerted by the cell. But it is not this case in the absence of a couple of assumptions and simplifications. Some issues need to be addressed to clarify potential problems in cellular force measurements using such polymeric structures, and to give readers a clear picture about the work that needs to be carried out in future.
Undesired distortion in the base substrate
As mentioned above, direct adhesion of the cells with the base substrate may induce undesired distortion, and consequently make the measurements less reliable. A previous study, using distantly-spaced arrays to measure mechanical traction in smooth muscle cells, reported formation of focal adhesions (by immunofluorescence of the focal adhesion protein vinculin) at the tip of the individual structures [6] . However, focal adhesion was also clearly observed in a large area between the structures, and with a linear correlation between the cellular force and the quantity of the focal adhesion, distortion of the base substrate is expected. Even in closely packed structures, low elastic modulus polymers subjected to large cellular forces may transmit the displacement at the top of the individual structures to the bottom and distort the base substrate which has the same low elastic modulus. Thus, if the strain affective zone overlaps with other neighboring structures, displacement decoupling needs to be involved.
In this work, we developed an analytical model for the single-spaced structures used in our experiments. Based on the model, for 2 µm structures used in this case, it is unlikely for the cells to adhere to the base substrate if the structures are 2:1 in aspect ratio or higher. Furthermore, a 2:1 aspect ratio confines the distortion nicely in a region right underneath the root of the structure, even when subjected to large mechanical forces. The model also suggests that a base substrate with greater thickness (preferably two orders higher than the height of the structures) confines the strain affective zone within a small local region. The study of relationship between focal adhesion and mechanical force, and between distortion at the root to the displacement at the tip is underway.
Vertical force, weight of cell and beyond
As mentioned in section 2.1, cells are not the only ones that can induce lateral displacements of the structures. As the flowing fluid in the perfusion chamber passes over the polymeric microstructures, the direction and the velocity of the fluid vary locally depending on the geometry of the structures, local temperature among many other environmental parameters. The fluid may push the structures in various directions dynamically and contributes to the lateral displacements. Besides, the cell-cantilever interaction also involves a vertical force component as well as the weight of cells. Thus, all these influences need to be taken into account when they produce as comparable displacement of the microstructures as the lateral cellular force, especially in the presence of heavy cells, and fast perfusion.
The vertical force may cause a longitudinal deformation due to compression, which can be expressed as:
where F z , H, H and A are the vertical force, the height of the structure, the change of the height and the cross-sectional area, respectively. The vertical force may also cause a failure when the maximum stress due to the direct compression results from accidental crookedness and the eccentricity reaches a certain value. Given that the aspect ratio of each polymeric structure is typically less than 6:1, the structure can be regarded as a short column. It is not possible to calculate the deformation with accuracy by a normally concentric load due to the large influence of the indeterminate crookedness and eccentricity. A number of empirical formulae need to be applied instead [23] .
Similarly, the media fluid may also compress, bend or even cause the failure of the structures. The lateral displacement of each individual structure may not be solely induced by the lateral force, but is a combination result with all the influences. The study to quantitatively exclude these influences from the lateral cellular force measurement is currently underway.
Influence of extracellular laminin layer
To enhance cardiac myocyte adhesion to the substrate microstructures, cells were plated on substrates that were precoated with laminin. During the culture, cells generate focal adhesion complexes that attach to the laminin, thus, the laminin coating serves as an intermediate layer in the mechanotransduction from the contracting myocyte to an individual microstructure. The laminin layer can be modeled as a viscous spring-damper component with one end connecting to the cell and the other end to the structure, which may cause a difference between the actual force generated by the cell and the force exerted towards the microstructure. The influence of the laminin intermediate layer on the force measurement is currently under investigation.
Conclusion
In summary, this paper demonstrates a type of single-spaced structures for mechanical force measurement in living cells. Such structures can successfully eliminate the direct adhesion between the cells and the base substrate, thereby negating the compensation for the continuous distortion. The structures were fabricated and the spring constant was determined. The isolation was validated by tracing displacements of individual structures underneath and away from the cells. The measurements give a force distribution with a subcellular resolution. The results conform to the physiological behavior of cardiac myocytes. Potential problems using such structures are discussed and the future works are proposed. This approach promises the potential for quantitative determination of mechanical force in living cells, and is expected to bridge the gap between cellular behavior and motile protein dynamics. It also allows for an accurate evaluation of the mechanical properties of a single cell at the cellular level, the consequences of which have been intensely investigated at the protein and molecular level.
